Introduction
High bicarbonate (HCO 3 − ) concentration in calcareous and alkaline soils has been identified as an important factor for inducing Fe deficiency chlorosis in plants (Boxma, 1972; Chaney, 1984; Marschner and Römheld, 1994; Mengel et al., 1984) . These soils have a high soil pH and inhibit Fe uptake by roots and Fe translocation into stems and leaves (Boxma, 1972; Korcak, 1987) .
Fruit crops, such as pears, do not tolerate low availability of Fe in lime and alkaline soils (Korcak, 1987) ; they are known to be susceptible to lime-induced chlorosis (Thorne and Wann, 1950) . Reduced yields and increased management costs of orchards are well documented in Mediterranean area, where Fe chlorosis is a major problem (Sanz et al., 1992) . In such cases, commercial yield and marketable quality depend on the application of supplementary Fe chelate, which is expensive (Tagliavini and Rombolá, 2001) . Therefore, the selection of rootstocks tolerant to lime-induced Fe deficiency chlorosis appears to be a solution because plant tolerance is mainly determined by the rootstock genotype (Alcántara et al., 2003) . Genotypic differences in tolerance to lime-induced chlorosis have been found in many fruit trees (Kolesch et al., 1987; Korcak, 1987; Tagliavini et al., 1995) , including quince (Cydonia oblonga Mill) and European pear rootstocks (Pyrus communis L.) (Bunnag et al., 1996; Marino et al., 2000) .
In Asia, especially the northwestern area of China, the soils are calcareous and alkaline, such that lime-induced Fe deficiency is a severely problem in many pear orchards. Pear cultivars often show symptoms of iron chlorosis if grafted on Pyrus betulaefolia, which has been largely adopted in the Asia area as a rootstock for the Japanese pear (P. pyrifolia Nakai).
P. xerophila is a wild pear species native to the Gansu and Shaanxi provinces in northwestern China. Currently, there are pear trees over 300-year-old grafted on P. xerophila in that area. That have adapted to the local lime rich soils.
In general, dicotyledonous species respond to Fe deficiency conditions by increasing the capacity of their roots to reduce Fe 3+ -chelates. The increase in the capacity to reduce Fe
3+
-chelates in Fe-deficient plants is thought to be controlled by one or several plasma membranes bounding Fe 3+ -chelate reductase (FCR), This enzyme reduces chelated Fe 3+ to Fe 2+ to hasten the latter's import into the root in the root/soil interface (Marler et al., 2002; Marschner and Römheld, 1994; Moog and Brüggemann, 1994) . The induction response for FCR has been widely studied in field crops, e.g., in soybean in which a close relationship between Fe 3+ reduction capacity and the tolerance to Fe-deficiency chlorosis exists (Jolley et al., 1996) . However, the physiological responses for FCR in Asian pear rootstocks has received little attention.
The objective of this work was to evaluate the tolerance of lime-induced Fe deficiency chlorosis on two Asian pear rootstocks species by growing them in a nutrient solution with or without bicarbonate. The differences in root Fe 3+ reducing capacity and influence of bicarbonate on the Fe uptake by root, shoot and leaf of two rootstock species were also tested.
Materials and Methods
Seeds of two pear rootstocks, P. xerophila and P. betulaefolia were collected in October 2002. P. xerophila was obtained from Gansu, China. P. betulaefolia was obtained from the orchard of Tottori University, Japan.
Seeds were germinated in a soil mixture of sand : perlite : peat (1:2:1, v/v/v) in a greenhouse. Thirty days later, uniform seedlings (10 cm long) were selected and their roots were washed free of soil. The plants were transplanted to 20 L plastic containers (8 plants/ container), filled with a basic nutrient solution (BNS) that contained: 2 mM Ca (NO 3 ) 2 ; 0.75 mM K 2 SO 4 ; 0.65 mM MgSO 4 ; 0.5 mM KH 2 PO 4 ; 10 µM H 3 BO 3 ; 1 µM MnSO 4 ; 0.5 µM CuSO 4 ; 0.5 µM ZnSO 4 ; 0.05 µM (NH 4 ) 5 Mo 7 O 24 ; and 100 µM Fe-EDTA. Solutions were continuously aerated and changed every 3 to 4 days. The pH of nutrient solutions was adjusted to pH 6. After one month of preculture in the BNS, plants were assigned to two treatments: control (BNS adding 100 µM Fe-EDTA, pH 6.0) and bicarbonate treatment (BNS adding 100 µM Fe-EDTA, 10 mM NaHCO 3 and 0.5 g·L
CaCO 3 , pH 8.0). The plants were grown in the greenhouse kept at 30/18°C (day/nigh) during which the relative humidity ranged from 60-85%.
Leaf chlorophyll was estimated by a portable SPAD-502 chlorophyll meter (Minolta Corp., Japan) on three fully expanded apical leaves after 20 days in the nutrient solutions. Three readings per leaf were made.
After 20 days in the nutrient solution, the extracellular Fe in the roots was determined according to Bienfait et al. (1985) , i.e., roots of plants were rinsed for 15 minutes with 0.5 mM CaSO 4 under vigorous aeration, They were then transferred to a solution (200 mL) that was purged continuously with N 2 and consisted of 10 mM MES, 0.5 mM Ca(NO 3 ) 2 and 1.5 mM 2,2,-bipyridyl (a chelator for ferrous). After 5 min, 10 mL Na 2 S 2 O 4 (reductant) with a final concentration of 12 mM was added. Roots were removed after an additional 15 min. Then, the absorbance of the colored solution was measured with a spectrophotometer at 520 nm to determine extracellular Fe. Symplastic Fe was determined in the same roots after the removal of extracellular Fe as follows; plant was separated into roots, stems, and leaves. The sample was dry-ashed at 500°C for 7 h, and dissolved in 1 M HCl, The Fe content was determined by atomic absorption spectrophotometry.
Root Fe
3+
-chelate-reductase (FCR) activity was measured with bathophenantrolinedisulfonate (BPDS) according to the method of Pestana et al. (2001) . Measurements were performed on the excised the root tips (approximately 2 cm) by incubating them in the dark in a 1.5 mL Eppendorf tube containing BNS (without microelements), 300 µM BPDS and 500 µM Fe
-EDTA at pH 6.0. The reduction of Fe 3+ to Fe 3+ was quantified by measuring the absorbance at 535 nm after 3 h of incubation. An extinction coefficient of 22.14/(mM·cm) was used.
Results

Leaf chlorosis of plants
About ten days after planting, the distal leaves of P. betulaefolia began to exhibit chlorosis in the bicarbonate treatment; the degree of chlorosis worsened gradually as the treatment progressed (Table 1) . After 20 days, the treated seedlings of P. betulaefolia showed severe chlorosis, while those of P. xerophila did not. Compared with the control, the treatment reduced SPAD values by 12% and 25% in P. xerophila and P. betulaefolia, respectively.
Dry weight and fresh weight of plants
The inhibition effect of bicarbonate on the plant growth in both pear rootstock species was reflected in the fresh weight of plants that decreased significantly in bicarbonate treatment compared with the control the control after 20 days ( Table 2 ). The reduction of plant fresh weight resulted from the addition of bicarbonate was 36% and 38% in P. xerophila and P. betulaefolia, respectively. However, no significant difference was observed between the dry weights of plants although there was a tendency to decrease in the treated ones.
FCR activity of root tips
Bicarbonate treatment significantly enhanced Fe 3+ -reducing capacity of the root tips to 21 and 10 times in the bicarbonate treatment than those in the control in P. xerophila and P. betulaefolia, respectively (Table 3) . The enzyme activity in the root tips of P. xerophila was about twice that of P. betulaefolia grown in the bicarbonate solution.
Iron content in individual organs of plant
There was no significant difference in the total Fe content of roots in both pear rootstocks species between bicarbonate treatment and the control after 20 days of growth (Table 4) . However, the extracellular Fe liberated from the roots was significant higher in bicarbonate treatment than that in the control; the content of symplastic Fe in roots was not significantly different (Table 5) . Likewise, no differences in the extracellular and symplastic Fe content were observed between two rootstock species. Nevertheless, there was a significant difference in the Fe content of the stems between two rootstock species; these of the P. xerophila had more Fe than did those of the P. betulaefolia. No significant difference existed in Fe content in leaves between the two rootstock species (Table 4) .
Discussion
Genotypic differences in tolerance to Fe-deficiency chlorosis have been described for many plant species (Chaney et al., 1992; Cianzio, 1991; Landsberg, 1981; Tagliavini et al., 1995) . In this experiment, P. xerophila showed lighter chlorosis symptoms than did P. betulaefolia under Fe deficiency stress induced by the bicarbonate. P. xerophila maintained higher chlorophyll content in leaves and had higher FCR activity in roots tips than had P. betulaefolia indicating that P. xerophila may be more tolerant to calcareous soils than P. betulaefolia. Therefore, P. xerophila would be useful for extending the production area of Asian pear, such as Mediterranean and northwestern China, where limeinduced chlorosis is a major problem. However, further evaluation, such as graft-compatibility with commercial pear cultivars is needed as well as the potential of P. xerophila for commercial pear production.
There were reports that the total Fe content in roots was increased by the addition of bicarbonate in grapevine (Vitis vinifera L.) (Kolesch et al., 1987) and quince (Cinelli, 1995) . Our results showed that the presence of bicarbonate in the nutrient solution did not cause any changes in the total Fe contents in roots, but the amount of extracellular iron in roots was significantly increased in rootstock species. A similar result obtained in grapevine by Nikolic and Kastori (2000) seems to indicate that extracellular iron may be a consequence of an inhibition of iron uptake by the epidermal cells.
Since classical breeding involves time-consuming testing in the field, the introduction of physiological Significance NS ** NS, **: non-significant or significantly different at P < 0.01, respectively by ANOVA. z Data represent mean ± SE (n = 4). NS, **: non-significant or significantly different at P < 0.01, respectively by 2-way ANOVA. z Data represent mean (n = 4). NS, **: non-significant or significantly different at P < 0.01, respectively by 2-way ANOVA. z Data represent mean (n = 4).
markers in breeding programs is highly desirable. Possible physiological markers for Fe uptake efficiency include the ferric chelate reductase activity of roots, which supposedly correlates with the capacity to acquire Fe (Jolley et al., 1996) . In some European pear rootstocks, an increased root FCR activity was reported when plants were grown in the bicarbonate (De la Guardia and Alcántara, 2002) , and Fe-deficiency conditions (Tagliavini et al., 1995) . Our results showed that Asian pear rootstocks species were able to respond similarly. Our results suggest that FCR activity in root tips may be suitable as a physiological index for screening tolerance of rootstocks to lime-induced chlorosis.
